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Abstract 
Experiments have been conducted to investigate the magnitude of flame fluctuations of a turbulent buoyant jet diffusion flame in both 
reduced- (0.64 atm) and normal pressure (1 atm) atmosphere conditions. By image processing, the flame intermittency distribution 
contour is obtained. The magnitude of flame fluctuations is determined as the vertical flame extent from intermittency of 0.95 to that of 
0.05. It is found that the fluctuation range is significantly larger in the reduced pressure than that in the normal pressure condition. The 
magnitude of the vertical flame fluctuations normalized by the nozzle diameter (D) and the air to fuel mass stoichiometric ratio (1+S) are 
correlated non-dimensionally with the flame Froude number (Frf) for both of these two pressures showing about a 2/5 power law function, 
although the normalized values are still a bit higher in the reduced pressure atmosphere. 
© 2013 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Asia-Oceania Association for Fire Science 
and Technology. 
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Nomenclature 
D inner diameter of the nozzles (m) 
Fr Froude number (u2/g D) 
Frf flame Froude number 
g gravitational acceleration (m/s2) 
HRR heat release rate (kW) 
Us velocity of the fuel ejected from the nozzle orifice (m/s) 
S air to fuel mass stoichiometric ratio 
T0          ambient temperature (K) 
Greek symbols 
0 ambient air density (kg/m3) 
s fuel density at nozzle (kg/m3) 
L length of oscillating amplitude (m) 
fTΔ  mean peak flame temperature rise (K) 
Subscripts 
0 environment 
f  flame 
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s gas fuel 
1. Introduction 
In the past decades, jet diffusion flames have been widely investigated due to their importance in practical significance 
such as furnaces and gas turbines. Massive previous researchers [1-5] mainly focused on the geometry characteristics. And 
according to McCaffrey’s studies [4], fire plume consisted of three distinct regimes, namely:  
a) The near field, above the burner surface, where there is persistent flame and an accelerating flow of burning gases (the 
flame zone);  
b) A region in which there is intermittent flaming and a near-constant flow velocity (the intermittent zone); 
c) The buoyant plume which is characterized by decreasing velocity and temperature with height. 
These are inseparable in free plume. In order to provide engineering equations allowing calculation of flame height, the 
mean flame height [5], achieved by averaging the visible flame height over time, is defined. And it proposed as the height at 
which the intermittency is 0.5. There is a considerable amount of literatures on these topics. Becker and Liang [3] were 
among the pioneers to systematically study the effect of buoyancy factors on the luminous flame length of jet diffusion 
flames and proposed a dimensionless buoyant parameter L to measure the entire flame length. Heskestad [2] correlated the 
dimensionless flame height with dimensionless heat release rate Q* for the purely buoyancy-controlled diffusion flame. 
Delichatsios [1] further developed a dimensionless model for flame height relationships by using flame Froude number Fr  
as the dimensionless parameter to account for the transition from buoyancy to momentum-controlled jet flames.  
In all, there are large amount of investigations on the flame height of jet diffusion flame under different conditions. 
However, there are relatively few researchers focused on the quantitative characteristics of fluctuation range, which have 
close association with the air entrainment and may have an important effect on the calculation of mean flame height. In fact, 
the variation of air density induced by varying ambient pressure will influence air entrainment and the mass flow rate will 
also change. Thus the fluctuating behaviors driven by buoyant force will inevitable present some differences, and this has 
been confirmed in previous studies and experimental result revealed in this paper. 
In order to investigate the effect of ambient pressure variation on fluctuation range induced by the variation of buoyant 
force for the turbulent jet diffusion flames, a task is undertaken in this paper to qualify the variation in two typical pressure 
environments. Experiments have been conducted correspondingly in both reduced pressure (Lhasa City) and normal 
pressure (Hefei City) environment. The flame fluctuation range data under different pressure atmosphere has been obtained 
by processing the recorded flame frames. Comparison work has been done to identify the difference of the flame fluctuation 
characteristics. The normalized flame fluctuation range has been correlated non-dimensionally with flame Froude number 
based on the acquired data. 
2. Experiment setup and procedure 
2.1. Experiment facility 
Figure 1 presents the experimental facility and measurement setup to study the fluctuation characteristics of jet diffusion 
flame in still air. The apparatus consists of a gas fuel supply system, a thermocouple tree and nozzles which were made of 
stainless steel. The nozzle diameters were 4 mm, 5 mm, 6 mm, 8 mm, and 10 mm. The propane gas fuel flow rate was 
regulated by a volume flowmeter. The actual mass flow rate was calibrated according to ambient pressure.  
The flame was recorded by a digital CCD camera to identify fluctuation region. The camera recorded 25 frames per 
second with size of 720 pixels × 576 pixels. Then the videos were intercepted according to the recorded experimental time 
for each flow rate. Each interception was decompressed into frames and processed in sequence. The frames were converted 
into gray scale images. A luminance threshold, characterizing the luminance differences of the flame and the ambient 
environment using Otsu method [6], was chosen to identify the flame body. Then the gray scale frames were converted into 
binary images with the threshold. The intermittency was represented by the probability distribution which was obtained by 
calculating the flame height from about 1000 consecutive images of each case [7], and just as the Fig. 2 shows. According 
to L. Audouin’s proposal [8], the three zones of the flame can be clarified as the continuous flame where the presence 
probability is 0.95 from the flame base, the intermittent flame where the presence probability is 0.95 down to 0.05 and the 
buoyant plume upward area from the presence probability 0.05. 
A thermocouple tree containing about 14 thermocouples with a diameter of 0.5 mm was installed in the axial central line 
above the nozzle. The first thermocouple above the nozzle in Lhasa City was positioned 0.04 m up from the nozzle orifice 
and the others were arranged 0.1 m away from each other one by one. In Hefei City, the initial position was 0.184 m away 
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from the nozzle orifice, the next two were 0.1 m from each other, the distance between the upstream eight ones were 0.15 m 
and the last two were 0.2 m away from its prior one. See Table 1 for the details. 
Table1. Distances of the thermocouples away from the nozzle orifice 
Location The distances of the thermocouples away from the nozzle orifice (m)
Hefei City 
(altitude: 50 m; 1 atm) 
0.04 0.14 0.24 0.34 0.44 0.54 0.64 
0.74 0.84 0.94 1.04 1.14 1.24 1.34 
Lhasa City 
(altitude: 3650 m; 0.64 atm) 
0.184 0.284 0.384 0.534 0.684 0.834 0.984 
1.134 1.284 1.434 1.584 1.784 1.984 / 
 
Fig. 1. Experimental setup. 
2.2. Experimental condition 
Five nozzles with diameters of 4 mm, 5 mm, 6 mm, 8 mm and 10 mm were used in the experiment. A summary of these 
test conditions including the heat release of the fire source(HRR), Froude number (Fr) and Flame Froude number (Frf) [1] 
for two altitudes are presented in Table 2. The ambient temperature was 18 °C and the experimental facility was positioned 
in still air. During the experiment, the volume flow rate was supervised in the whole process to ensure that it remained 
stable. The duration time of each condition was 5 min; the experimental data initiated 3 min after the fuel flow rate was 
regulated to appointed level to make sure that the flame reached stable. Gravity levels for the two places have tiny 
difference: Lhasa 9.7799 m/s2; Hefei 9.7947 m/s2, so the effect of this point on the experimental result can be excluded.  
Table 2. Summary of the experimental condition 
Hefei City Lhasa City 
D (mm) HRR (kW) Fr (u2/gD) fFr (10
-3) D (mm) HRR (kW) Fr (u2/gD) fFr (10
-3) 
4 2.15 88.12 84.08 4 0.44 8.28 13.79 
4 3.23 198.26 126.12 4 0.88 33.12 27.58 
4 4.31 352.46 168.16 4 1.76 132.47 55.16 
4 5.38 550.72 210.19 4 2.63 298.06 82.75 
4 8.07 1239.12 315.29 4 3.51 529.88 110.33 
4 10.77 2202.88 420.39 4 4.39 827.93 137.91 
4 15.07 4317.64 588.54 4 8.78 3311.74 275.82 
214   Qiang Wang etal. /  Procedia Engineering  62 ( 2013 )  211 – 218 
Hefei City Lhasa City 
D (mm) HRR (kW) Fr (u2/gD) fFr (10
-3) D (mm) HRR (kW) Fr (u2/gD) fFr (10
-3) 
4 19.38 7137.32 756.70 4 10.54 4768.90 330.99 
4 23.69 10661.93 924.85 4 12.29 6491.01 386.15 
4 27.99 14891.45 1093.01 4 14.05 8478.05 441.32 
4 32.30 19825.90 1261.16 4 15.81 10730.03 496.48 
4 36.60 25465.26 1429.32 4 17.56 13246.96 551.65 
4 43.06 35246.04 1681.55 5 0.44 2.71 7.89 
5 2.15 28.87 44.99 5 0.88 10.85 15.79 
5 3.23 64.97 67.49 5 1.76 43.41 31.58 
5 4.31 115.49 89.98 5 2.63 97.67 47.37 
5 5.38 180.46 112.48 5 3.51 173.63 63.16 
5 8.07 406.03 168.72 5 4.39 271.30 78.95 
5 10.77 721.84 224.96 5 8.78 1085.19 157.89 
5 15.07 1414.80 314.94 5 10.54 1562.67 189.47 
5 19.38 2338.76 404.92 5 12.29 2126.97 221.05 
5 23.69 3493.70 494.90 5 14.05 2778.09 252.62 
5 27.99 4879.63 584.89 5 15.81 3516.02 284.20 
5 32.30 6496.55 674.87 5 17.56 4340.76 315.78 
5 36.60 8344.46 764.85 6 0.44 1.09 5.00 
5 40.91 10423.35 854.83 6 0.88 4.36 10.01 
5 47.37 15274.11 1034.80 6 1.76 17.44 20.02 
6 2.15 11.60 25.75 6 2.63 39.25 30.03 
6 3.23 26.11 38.63 6 3.51 69.78 40.04 
6 4.31 46.41 51.51 6 4.39 109.03 50.05 
6 5.38 72.52 64.39 6 8.78 436.11 100.09 
6 8.07 163.18 96.58 6 10.54 628.00 120.11 
6 10.77 290.09 128.77 6 12.29 854.78 140.13 
6 15.07 568.58 180.28 6 14.05 1116.45 160.15 
6 19.38 939.89 231.79 6 15.81 1413.01 180.17 
6 23.69 1404.04 283.30 6 17.56 1744.45 200.19 
6 27.99 1961.01 334.81 6 19.32 2110.79 220.20 
6 32.30 2610.82 386.32 8 0.44 0.26 2.44 
6 36.60 3353.45 437.83 8 0.88 1.03 4.88 
6 40.91 4188.91 489.33 8 1.76 4.14 9.75 
6 45.22 5117.20 540.84 8 2.63 9.31 14.63 
6 49.52 5616.16 566.60 8 3.51 16.56 19.50 
8 2.15 2.75 16.33 8 4.39 25.87 24.38 
8 3.23 6.20 24.49 8 8.78 103.49 48.76 
8 4.31 11.01 32.65 8 10.54 149.03 58.51 
8 5.38 17.21 40.82 8 12.29 202.84 68.26 
8 8.07 38.72 61.23 8 14.05 264.94 78.01 
8 10.77 68.84 81.63 8 15.81 335.31 87.77 
8 15.07 134.93 114.29 8 17.56 413.97 97.52 
8 19.38 223.04 146.94 10 0.44 0.08 1.40 
8 23.69 333.19 179.59 10 0.88 0.34 2.79 
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Hefei City Lhasa City 
D (mm) HRR (kW) Fr (u2/gD) fFr (10
-3) D (mm) HRR (kW) Fr (u2/gD) fFr (10
-3) 
8 27.99 465.36 212.25 10 1.76 1.36 5.58 
8 32.30 619.56 244.90 10 2.63 3.05 8.37 
8 36.60 795.79 277.55 10 3.51 5.43 11.16 
8 40.91 994.05 310.21 10 4.39 8.48 13.96 
8 45.22 1214.34 342.86 10 8.78 33.91 27.91 
8 49.52 1332.74 359.19 10 10.54 48.83 33.49 
10 2.15 0.90 7.95 10 12.29 66.47 39.08 
10 3.23 2.03 11.93 10 14.05 86.82 44.66 
10 4.31 3.61 15.91 10 15.81 109.88 50.24 
10 5.38 5.64 19.88 10 17.56 135.65 55.82 
10 8.07 12.69 29.83 10 19.32 164.14 61.40 
 
Hefei City 
D (mm) HRR (kW) Fr (u2/gD)  fFr (10
-3) 
10 10.77 22.56 39.77 
10 15.07 44.21 55.67 
10 19.38 73.09 71.58 
10 23.69 109.18 87.49 
10 27.99 152.49 103.39 
10 32.30 203.02 119.30 
10 36.60 260.76 135.21 
10 40.91 325.73 151.11 
10 45.22 397.91 167.02 
10 49.52 436.71 174.97 
  
Fig. 2. Three zones clarification of the flame according to the characteristic probability contour. 
3. Result and discussion 
Figure 3 presents a series of sequences representing a full oscillate cycle of jet diffusion flames in one experiment 
condition. As we can see from the figure, the flame surface wrinkles by the interaction with the vertical flow induced by 
buoyant force. It is clear from the visualizations that, the vortices tend to move upward along the flame. The vortices bring 
in more fresh air into the flame, resulting in the instability of the flame body. The vortices also lead to a stronger fuel-air 
diffusion, and this may support the combustion of remaining fuel. However, as the flame front elevate driven by the buoyant 
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force and the air entrainment increases to a maximum value, the fuel stream may be cut by the strong toroidal vortices and it 
may cause a sudden cool down of the flame body. The detached residual fuel moves upward and burns out quickly; 
meanwhile, the lower part of the flame shrinks to a minimum volume due to the massive losses of heat. Then the flame 
fluctuating propagation starts again. 
(a) (b) (c) (d) (e) (f) (g) (h) 
Fig. 3. Full cyclic oscillate sequences of the experiment frames.  
Figure 4 shows the differences of oscillating amplitudes of jet diffusion flame both in Lhasa City (altitude 3650 m, left 
half part of the contours) and Hefei City (altitude 50 m, right half part of the contours) for nozzle diameters 4 mm,5 mm,6 
mm and 8 mm. The heat release rate was 4.3 kW for all the contours. The contour probability number ranging from 0.05 to 
0.95 and the differences of contours reveal the probabilities of all the flame frames that the flame flickers in that area. The 
red area means that 95% of the entire recorded flame frame exists in this region, while the light blue area means that only 
5% of all the recorded flames appear in this region. Overall, it is observed obviously that, the fluctuation magnitude in 
Lhasa City is significantly greater than that in Hefei City for the similar heat release rate 4.3 kW. 
L(m)   0.64 atm 1.0 atm   0.64 atm 1.0 atm   0.64 atm 1.0 atm   0.64 atm 1.0 atm  
    
 4 mm 5 mm 6 mm 8 mm  
Fig. 4. Fluctuation range contour of 4.3 kW indicating that the oscillating amplitude is significantly larger under reduced pressure than that under normal 
atmosphere. 
Figure 5 reveals the variations of amplitude of oscillation with the heat release rate of jet flame. Conclusions can be made 
that: a) the fluctuation range is much wider under 0.64 atm pressure, which is consistent with previous result concluded 
from Fig. 3(b) the oscillating amplitude increases sharply with the increasing of heat release rate in Lhasa City. While in 
Fluctuation 
region 
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Hefei City, the speed of the flame amplitude growth increases fast for HRR < 15 kW and the amplitude grows relatively 
slowly after that; c) and it seems that the amplitude may also increase with the increasing of nozzles' inner diameter, 
especially for heat release rate larger than 10 kW in Hefei City. 
0 10 20 30 40 50 60 70
0.0
0.1
0.2
0.3
0.4
0.5
1.0 atm
 
 
 4 mm
 5 mm
 6 mm
 8 mm
 10 mm
ΔL
(m
)
 4 mm
 5 mm
 6 mm
 8 mm
 10 mm
Nozzle Diameter
0.64 atm
HRR(kW)
 
Fig. 5. Variation of amplitude of oscillation with heat release rate of the jet flame showing that it is higher in reduced pressure atmosphere.  
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Fig. 6. Plotting the normalized amplitude of oscillation by flame Froude number according to theory of Delichatsios [1]. 
Results in Fig. 6 show the correlation of dimensionless oscillating amplitude with flame Froude number, a well-known 
parameter introduced by Delichatsios [1] to correlate morphological characteristics of momentum- or buoyant-controlled jet 
flame. The relationship between the oscillation amplitude and Froude number was established according to the conducting 
tests under reduced pressure (0.64 atm) and normal pressure (1.0 atm) for nozzle diameters range from D=4 mm to 10 mm. 
The correlation can be expressed as following formula: 
Correlation of oscillation amplitude for Lhasa City:     2/51/2
0
7.73
(1 ) ( / ) fs
L Fr
S D ρ ρ
Δ
=
+ ∗ ∗
                                (1) 
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  Correlation of oscillation amplitude for Hefei City:     2/51/ 2
0
5.18
(1 ) ( / ) fs
L Fr
S D ρ ρ
Δ
=
+ ∗ ∗
                                (2) 
where:    
3/ 2 1/4 1/2
0 0(1 ) ( / ) (( / ) )
s
f
s f
U
Fr
S T T gDρ ρ
=
+ Δ
                                                                                           (3) 
It can be noted that the dimensionless oscillating amplitude linearly increases with flame Froude number in the 
logarithmic coordinates. These results are consistent with previous observations.  
4. Conclusions 
 Experiments have been conducted in both Lhasa City (altitude 3650 m, 0.64 atm) and Hefei City (altitude 50 m, 1.0 atm) 
with LPG gas fuel to investigate the effect of atmosphere pressure on fluctuation range of turbulent jet diffusion flames. To 
get the fluctuating data, a new way is proposed by calculating the ranges scale of the contour probability between 0.05 and 
0.95. The results of the work provide information about the effect of the variable on the flame fluctuating range and data for 
validation of numerical simulations of jet diffusion flames. In addition, a flame Froude number is introduced to correlate the 
dimensionless oscillating amplitude. In this regard, it is found that fluctuating range is significantly larger under reduced 
pressure (In Lhasa City, 0.64 atm) than that under normal pressure condition (In Hefei City, 1.0 atm); The normalized flame 
fluctuation ranges by nozzle diameter (D) and air to fuel mass stoichiometric ratio (1+S) are correlated non-dimensionally 
with flame Froude number (Frf) for both these two pressures, which are shown to be both in about 2/5 power law function, 
although the normalized values are still a bit higher in the reduced pressure condition.  
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